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Experimental Investigation of Composite beams Reinforced with GFRP I-32 
beam and steel bars 33 
Abstract: This paper presents results of an experimental study on the flexural behaviour of a 34 
composite beam, which is reinforced with longitudinal tensile steel bars as well as glass fibre 35 
reinforced polymer (GFRP) pultruded I-beam encased in concrete. Five beam specimens, including 36 
one traditional reinforced concrete (RC) beam and four composite beams, were cast and tested under 37 
four-point bending. The variables involved in the composite beams include the type of longitudinal 38 
tensile bars (steel bars and GFRP bars) and the location of the I-beam in the cross-section (middle and 39 
a shift of 30 mm towards the tension region). The test results presented in this study show that the 40 
proposed composite beams have a very ductile response due to the existence of the tensile steel bars, 41 
and the yield point of the composite beam is controlled by the tensile steel bars. The ultimate load of 42 
the proposed composite beam in this study is higher than the traditional RC beam in this study, and 43 
the ultimate load is governed by the encased I-beam. When GFRP bars were used to replace the 44 
tensile steel bars to reinforce the composite beams, the brittle failure of GFRP bars caused lack of 45 
ductility of the beam members, and both the stiffness and ultimate load were reduced significantly. 46 
Compared with steel bars, the slip between the concrete and the I-beam was also increased when 47 
GFRP bars were used. The different location of the I-beam has little effect on the flexural response. 48 
Keywords: Composite beams; GFRP; I-beam, Ductility; Flexural behaviour.  49 
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Research Highlights  50 
GFRP I-beam is encased in concrete to reinforce the concrete beam. 51 
Flexural behaviour of I-beam in composite beam is assessed. 52 
Tensile steel bars are used to improve the ductility of the composite beam reinforced with I-beam. 53 
Location of I-beam affects the ultimate load of the composite beam.  54 
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1. Introduction 55 
Fibre Reinforced Polymer (FRP) is increasingly used in civil engineering construction in the last two 56 
decades because of the excellent properties of corrosion resistance as well as high strength-to-weight 57 
ratio. Extensive research studies have been conducted on using FRP to retrofit existing structures [1-58 
4]. On the other hand, FRP composites (such as FRP bars and FRP pultruded profiles) are also 59 
exploited as a kind of standard construction product in new construction [5-8]. Due to the advantages 60 
of convenient installation and the customized cross-sections (e.g. I-beam, square tube or circular 61 
tube), the application of the FRP pultruded profiles have been extensively explored in recent years. 62 
 63 
The FRP pultruded profiles are suitable for use as all FRP structures such as building floor, cooling 64 
towers and offshore platforms [9-11]. Moreover, it can be used in combination with other materials to 65 
develop composite structures. A few studies were carried out to use the GFRP I-beam to reinforce the 66 
beam specimens, thus forming a composite structural member. Two types of representative composite 67 
beams are shown in Fig. 1. The composite beam with Cross-section A (Fig. 1a) is composed of a 68 
concrete block on the top and an I-beam at the bottom [12]. In this case, the concrete is intended for 69 
compression and the I-beam for tension. Nevertheless, the disadvantage of instability at the web could 70 
not be ignored during the loading. In addition, the fire performance of such composite beam is poor 71 
since the I-beam is exposed to air without the protection of the concrete cover. The other type of 72 
composite beam with Cross-section B (Fig. 1b) was proposed by encasing the I-beam in the middle of 73 
the cross-section [13]. Compared with the composite beams with Cross-section A, the stability and the 74 
fire performance are improved in this type of composite beams. Nevertheless, both FRP and concrete 75 
are poor in ductility, thus causing a brittle failure of this type of composite beam.  76 
 77 
In order to improve the flexural response of the composite beam reinforced with the I-beam, a type of 78 
the composite beam is proposed in this study. As shown in Fig. 1c, the composite beam is reinforced 79 
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with the I-beam and the longitudinal tensile steel bars, and the I-beam is encased in concrete. The 80 
encased I-beam is contributed to the improvement of the flexural strength and the corrosion resistance 81 
of the beam members. The tensile steel bars used in this composite beam aim to ensure enough 82 
bending stiffness and the ductility of the composite beams. The concept of incorporating FRP and 83 
steel materials together to enhance the ductility of structure has been proven to be effective by both 84 
experimental and numerical approaches [14-20]. Steel stirrups are employed to confine the concrete 85 
and enhance the shear strength of the beam members.  86 
 87 
The advantages of this type of composite beams are apparent when compared with the existing 88 
composite beams reinforced with steel I-section or GFRP I-beam. Compared with the common 89 
composite beam reinforced with steel I-section, although the configurations of both are similar, the 90 
self-weight of the proposed composite beam is reduced and the corrosion resistance is improved due 91 
to the existence of the I-beam. Compared with the composite beam reinforced with GFRP I-beam as 92 
shown in Fig. 1a or Fig. 1b, the advantages of this type of composite beam include: (a) the fire 93 
performance can be improved because the I-beam is protected by the surrounding concrete; (b) the 94 
stability of the I-beam is improved because it is encased in concrete; and (c) the ductility can be 95 
improved due to the application of the tensile steel bars. In addition, this type of composite beam also 96 
has significant advantages in practical applications, such as: (a) all the materials are standard building 97 
materials without special treatment like drilling holes, riveting or welding; and (b) ease  for 98 
connection to columns due to the presence of the inside steel bars. 99 
 100 
This paper aims to investigate the flexural behaviour of this type of composite beams. A total of five 101 
beam specimens, including one traditional RC beam and four composite beams, were cast and tested 102 
under four-point bending. The ultimate load, bending stiffness and failure modes of the beam 103 
specimens were studied. Finally, the flexural strength provided by the I-beam and the slip between the 104 
I-beam and concrete were discussed to evaluate the effect of the I-beam in such composite beams. 105 
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2. Experimental program 106 
2.1. Beam specimens 107 
A total of five beam specimens were cast and tested in this experimental study, and the details of the 108 
specimens and the configurations of the cross-section are shown in Table 1 and Fig. 2, respectively. 109 
All the specimens had an overall length of 2040 mm and a cross-section of 350×200 mm. The label of 110 
the reference specimen is RC. For the remaining four specimens, the label of the specimens represents 111 
the type of tensile bars and the location of the I-beam. The first letter (S/F) in the label indicates the 112 
type of longitudinal tensile bars used in the specimen, steel bars (S) or GFRP bars (F). The letter 113 
followed by a number which indicates the reinforcement ratio of the specimens in percent, and the last 114 
letter M/B (middle/bottom) in the label is the location of the I-beam. For instance, Specimen S0.57B 115 
indicates the specimen which is reinforced by the steel reinforcement with a reinforcement ratio of 116 
0.57%, and the I-beam is located at the bottom of the beam specimen.  117 
 118 
The specimens were divided into three groups, namely, Reference group, Group S and Group F. The 119 
first group is a reference group, which includes a traditional reinforced concrete beam. This beam was 120 
reinforced with four tensile steel deformed bars with 16 mm nominal diameter and 500 MPa nominal 121 
tensile strength. The reinforcement ratio of this beam specimen was 1.1%, and it was designed as 122 
under-reinforced beam to ensure the specimens will fail in flexure. Group S contains two proposed 123 
composite beams. Specimen S0.57M was reinforced with the I-beam and two tensile steel deformed 124 
bars with 16 mm nominal diameter and 500 MPa nominal tensile strength (Fig. 2b), and the I-beam 125 
was placed in the middle of the cross-section. Because the location of the tensile material could affect 126 
the flexural capacity of the beam members [16, 21, 22], the I-beam in Specimen S0.57B was 127 
transferred by 30 mm from the middle to the bottom of the cross-section. Besides the different 128 
location of the I-beam, the other configurations in Specimen S0.57B were identical with those in 129 
Specimen S0.57M. Moreover, in order to investigate the influence of the steel bars on the ductility of 130 
the beam specimens, the tensile steel bars in Group S were replaced by three GFRP longitudinal bars 131 
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with 12 mm diameter in Group F. For example, Specimen F0.46M was reinforced with the I-beam and 132 
three GFRP longitudinal bars as shown in Fig. 2d. The I-beam was shifted down by 30 mm in 133 
Specimen F0.46B. 134 
 135 
Transverse steel stirrups with hook angle of 135° were used in all the specimens. In order to facilitate 136 
the installation of the stirrups, two steel bars in the compression side were used as hangers for the 137 
stirrups. The steel stirrups and two steel bars in the compression side had plain 10 mm diameter with a 138 
nominal tensile strength of 250 MPa. The stirrups were spaced at 60 mm in the shear span and 80 mm 139 
in the pure bending region.  140 
 141 
2.2. Material properties 142 
The concrete was supplied by a local company with 120 mm slump. Cylinders with 100 mm diameter 143 
and 200 mm height were cast and cured in the curing tank. The average compressive strength at 7 and 144 
28 days were 20.8 MPa and 31.8 MPa, respectively. Tensile testing on three steel bars was conducted 145 
for each type of steel bars according to AS 1391 [23], and Table 2 shows the experimental tensile 146 
strength and modulus of elasticity of the steel bars. 147 
 148 
The GFRP bars with a smooth surface and a nominal diameter of 12 mm were provided by the 149 
Treadwell Group Company [24]. Due to the smooth surface of the GFRP bars, the nominal area was 150 
used for the stress calculation. Sand was manually coated onto the surface of the GFRP bars to 151 
enhance the bond strength between the surrounding concrete and the bars. The tensile testing was 152 
conducted by following ASTM D7205 / D7205M [25], and the length of the coupon was 1300 mm. 153 
Two steel tubes were used as anchors and were fixed by expansive cement at the two ends of GFRP 154 
bars, as shown in Fig. 3a. The steel tube had a length of 400 mm, and the outer diameter and inner 155 
diameter were 40 mm and 30 mm, respectively. During the test, a layer of plastic wrap was wrapped 156 
onto the GFRP bars to eliminate the explosion of fibres from the bars at failure (Fig. 3b). Five samples 157 
of GFRP bars were tested, and the test results are given in Table 2.  158 
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The I-beam (200 mm × 100 mm × 10 mm/Height × Width × Thickness) used in this study was 159 
manufactured by pultrusion method by Treadwell Group Company [24]. The material testing of the I-160 
beam included compressive and tensile properties at both the flange and the web. Coupons for the 161 
material testing were cut from the I-beam as shown in Fig. 4. All the material testing was conducted in 162 
the longitudinal directions. The compressive testing was conducted in accordance with ASTM D695 163 
[26] and the nominal dimension of the coupon is 12.7 mm × 38.1 mm. The tensile strength was 164 
determined in accordance with ISO 527 [27] and the nominal dimension of the coupon is 25 mm × 165 
250 mm. Five coupons were tested to determine the average tensile or compressive strength, and the 166 
test results are presented in Table 3. 167 
 168 
2.3. Fabrication of beam specimens 169 
First, five steel cages were made using thin steel wires to tie the stirrups and the longitudinal bars. 170 
Afterwards, in order to fix the I-beam in the composite beams, the short steel wires were inserted into 171 
the flanges to eliminate any possible movement during the concrete casting as shown in Fig. 5a. Two 172 
timber blocks were placed under the I-beam to adjust the location of the I-beam in the middle or the 173 
bottom of the cross-section. Before moving the steel cages and the I-beams into the formwork as 174 
shown in Fig. 5b, the plastic chairs were applied at the bottom of the steel cages to ensure 20 mm 175 
cover. Due to the large size of the specimens, all the beam specimens were cured at ambient 176 
temperature. A wet hessian was placed over the specimens to prevent the moisture loss, and the 177 
specimens were watered during weekdays until the test day. 178 
 179 
2.4. Instrumentation and test setup 180 
As shown in Fig. 6, all the specimens were simply supported and subjected to four-point bending. 181 
Each of the beam specimens had a clear span of 1740 mm and shear span of 670 mm. The length of 182 
the pure bending region was 400 mm. For each specimen, five linear variable differential transformers 183 
(LVDTs) (1-5) were placed to monitor the deflection at different locations. Due to the possible brittle 184 
failure of the composite beams, the four LVDTs in the shear span (Fig. 7a) were removed once the 185 
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applied load reached 200 kN, which was about 50% of the expected ultimate load. The LVDT in the 186 
midspan was used to measure the deflection until the failure of the specimen. The wire rope of this 187 
LVDT was fixed at the bottom of the beam specimens, and the midspan deflection of the beam 188 
specimen could be measured according to the change of the length of the wire rope. A steel cover was 189 
made to protect this LVDT from the dropped concrete pieces (Fig. 7b).  190 
 191 
A series of strain gauges were bonded on the longitudinal bars and the I-beams. For Specimen RC, 192 
two strain gauges (S1 and S2) were bonded at the midspan of the compressive bars and the other two 193 
(S3 and S4) on the tensile bars (Fig. 8a). For the composite beams, one strain gauge was bonded at the 194 
midspan of the longitudinal tensile bar (S10) and one at the compressive bar (S5), and four additional 195 
strain gauges were evenly bonded at the midspan of the I-beam, two at the flanges (S6 and S9) and 196 
two at the web (S7 and S8). All the strain gauges were placed in the longitudinal direction in this 197 
study.  198 
 199 
The displacement-controlled load was applied using the 1000 kN actuator. The loading rate was 1 mm 200 
per minute. Once the load reduced 80% of the ultimate load, the test of Specimen RC was stopped. 201 
For the composite beams, the specimens were considered to have failed once the tensile steel bars or 202 
GFRP longitudinal bars ruptured. All the test data were collected by a data logger. 203 
 204 
3. Experimental results 205 
The experimental results are summarized in Table 4. The yield load (Py), ultimate load (Pu), failure 206 
mode and ultimate moment (Mu) have been presented. The yield load only occurred at Specimen RC 207 
and the composite beam specimens in Group S (S0.57M and S0.57B). Moreover, the bending 208 
stiffness, failure modes and crack propagation, as well as the slip between the I-beam and the concrete 209 




3.1. Load-midspan deflection curves 212 
The load-midspan deflection curves are shown in Fig. 9. For the proposed composite beams in Group 213 
S, the ultimate load of Specimen S0.57M showed an 8% increase than that of Specimen RC, and the 214 
increase for Specimen S0.57B was about 5%. While in Group F, Specimen F0.46M and Specimen 215 
F0.46B showed lower ultimate loads than Specimen RC.  216 
 217 
The two proposed composite beams (Specimen S0.57M and Specimen S0.57B) in Group S exhibited 218 
similar load-midspan deflection curves. The two curves had obvious yield points during the tests. For 219 
Group S, the stage before the yield points (A) was named as Stage (O-A), and the curve between the 220 
yield point (A) and the ultimate point (B) was named as Stage (A-B) (Fig. 9). In Stage (O-A), the two 221 
curves had similar bending stiffness, and the loads of which increased to about 300 kN where the two 222 
specimens yielded. Afterwards, the two curves increased in Stage (A-B) with similar slopes until the 223 
ultimate loads were reached. The ultimate load of Specimen S0.57M was 413 kN and it was 400 kN 224 
for Specimen S0.57B. After the ultimate loads, these two specimens failed and the loads started to 225 
decrease gradually. Finally, the curves of the two specimens experienced two sudden drops, which 226 
were caused by the rupture of the two tensile steel bars. The tests were terminated after the rupture of 227 
all the tensile steel bars. 228 
 229 
In Group F, the load-midspan deflection curves of the two specimens also showed a similar trend. 230 
Initially, the two curves showed almost linear increase and reached the ultimate load, 357 kN for 231 
Specimen F0.46M and 339 kN for Specimen F0.46B. Afterwards, the specimens failed and the load 232 
dropped suddenly, which was accompanied with continuous loud noise. The rupture of the GFRP bars 233 
could be observed at the same time. Finally, the beam specimens were still able to carry a stable but 234 
lower load. The tests of these two composite beam specimens were terminated due to the large slip 235 





3.2. Failure modes 239 
The failure modes of all the specimens are clearly shown in Fig. 10. All the specimens failed in 240 
flexure. Specimen RC (Fig. 10a) is a traditional under-reinforced beam. As the applied load was 241 
increased, the tensile steel bars reached the yield strength and the specimen yielded. Afterwards, the 242 
concrete in the compression zone was crushed. Several shear cracks were observed within the shear 243 
span during the test.  244 
 245 
For Specimen S0.57M (Fig. 10b), several tiny cracks within the pure bending region were revealed in 246 
the initial stage of the test. Further increment of load caused a prominent crack in the midspan, and 247 
then this crack propagated through the entire cross-section of the beam specimen. The concrete in the 248 
compression side crushed. Finally, the two tensile steel bars ruptured with two loud noises. Specimen 249 
S0.57B (Fig. 10c) behaved in a similar failure mode to Specimen S0.57M, but the prominent crack 250 
developed more quickly and widely. Lastly, the tensile steel bars ruptured and concrete crushed as 251 
well.  252 
 253 
For specimens in Group F (F0.46M and F0.46B), which were reinforced with GFRP longitudinal bars 254 
and I-beam, one prominent crack occurred below one loading point and then increased rapidly. 255 
Furthermore, the GFRP longitudinal bars ruptured suddenly at this crack with the increase of the 256 
applied load. The rupture of the GFRP longitudinal bars may be due to the stress concentration that 257 
occurred under the loading points. Finally, the beam specimen failed due to the rupture of GFRP 258 
longitudinal bars. The concrete in the compression side was still intact without failure when the test 259 
was terminated. No obvious cracks were observed within the shear span of the specimens in Group F.  260 
 261 
In order to determine the accurate failure modes of the proposed composite beams, the strain-midspan 262 
deflection curves and the load-midspan deflection curve of the specimens were compared as shown in 263 
Fig. 11. For specimen S0.57M, the strain of the top flanges (S6), the bottom flanges (S9) and the 264 
tensile steel bars (S10) were analysed to investigate the failure mode. At Point A, it is clear that the 265 
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tensile steel bars yielded due to the significant increase of the tensile strain, while the strain of the I-266 
section increased steadily. The beam specimen yielded at the same time with the yielding of the 267 
tensile steel bars, as such, the tensile steel bars governed the yield point of the composite beams. 268 
Afterwards, the ultimate load was observed at Point B and the flanges of the I-beam failed at the same 269 
time. Hence, the ultimate load of Specimen S0.57M was controlled by the I-beam. A similar failure 270 
mode could be found for Specimen S0.57B as shown in Fig. 11b. 271 
 272 
Based on the above discussion, the load-midspan deflection curves of the proposed composite beams 273 
were more clearly interpreted. In Stage (O-A) (Fig. 9), the I-beam and tensile steel bars resisted the 274 
load together, and then the tensile steel bars yielded at Point A thus leading to the yielding of the 275 
composite beam. In Stage (A-B), a further increase of the load was attributed to the superior flexural 276 
behaviour of the I-beam. The failure of the I-beam at Point B caused the failure of the composite 277 
beam, and the ultimate load was reached at the same time. Afterwards, the specimens showed a very 278 
ductile response until the rupture of the tensile steel bars occurred at Point C. 279 
 280 
3.3. Bending stiffness  281 
The bending stiffness (EI) of the beam specimens was compared based on the test results. The 282 





 )                                                          Eq. 1 284 
where  is the applied load on the beam specimens,  is the distance between the two supports,  is 285 
the distance from the support to the loading point and ∆ is the midspan deflection. It should be noted 286 
that although two composite beams in Group S had different stiffness in Stage (O-A) and Stage (A-B), 287 
only the stiffness in Stage (O-A) was used in this calculation.  288 
 289 
 As shown in Table. 5, the difference of stiffness between Specimen RC and the two specimens in 290 
Group S was minimal. Therefore, the composite beams reinforced with the I-beam and tensile steel 291 
bars had similar bending stiffness compared with Specimen RC. It is believed that the high elastic 292 
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modulus of the tensile steel bars contributes to the high bending stiffness of the beam specimens in 293 
Group S. The bending stiffness of both specimens in Group F was just 50% of that in Group S. The 294 
comparison of the bending stiffness between Group S and Group F indicated that the use of the tensile 295 
steel bars could improve the bending stiffness of the composite beams reinforced with the I-beam.  296 
 297 
3.4. Ductility 298 
The ductility definition used in this study ()	(Eq. 2) is based on the energy theory which was 299 
proposed by Naaman and Jeong [28]. This equation could be used for the calculation of the ductility 300 
without identifying the yield point of the specimen, and it has been used in some previous studies [13, 301 
29, 30]. 302 
 	= 	  


+ 1																																																										          Eq. 2 303 
Where ET is the total energy calculated based on the area under the load-midspan deflection curve. 304 
The EE is the elastic energy (Fig. 12), which is computed by the area under the curve of the elastic 305 
behaviour. The   in Fig. 12 is the failure load of the specimen, where the tensile bars in the 306 
composite beams ruptured. Traditionally, the weighted value of S1 and S2 are used to obtain the slope 307 
of elastic zone (S) (Eq. 3): 308 
	 = 	 !(")  																																																									        Eq. 3 309 
 where S1 and S2 are the slopes of the initial two lines on the load-midspan deflection curve. The  310 
and  are the loads at the end of the two lines, respectively. The load-midspan deflection curves in 311 
Group F have no obvious two lines, so the ultimate load (Pu) is defined as P2, and P1 is equal to 0.5Pu 312 
in this study.  313 
 314 
Table 6 shows the ductilities of the beam specimens. In Fig. 13, it is clear that the proposed composite 315 
beams in Group S show higher ductility than the other beam specimens. Nevertheless, the ductility of 316 
the specimens in Group F was really poor, and the ductility of both specimens was just 1.2. Therefore, 317 
it is evident that the tensile steel bars can significantly improve the ductility of the composite beams 318 
reinforced with I-beam.  319 
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3.5. Crack propagation 320 
The distribution of cracks at ultimate load in the five specimens is given in Fig. 14, and two different 321 
crack development modes were observed for the composite beam specimens. In Group S, the flexural 322 
cracks occurred in the pure bending region, and one prominent crack was found within the two 323 
loading points. However, in Group F, the prominent crack occurred under one loading point as shown 324 
in Fig. 14d and Fig. 14e. 325 
 326 
In terms of the number of cracks, it was observed that the composite beams had less cracks than the 327 
traditional RC beam. Only few flexural cracks occurred during the test within the pure bending region 328 
for the composite beams, and no shear cracks were observed at the shear span. Since all the beam 329 
specimens had the same configurations of the stirrups, the disappearance of the shear cracks in the 330 
composite beams illustrated that the encased I-beam could improve the shear strength of the beam 331 
specimens. 332 
 333 
3.6. Slip between the I-beam and the concrete 334 
The slip between the concrete and the I-beam is different for composite beams with different 335 
configurations. The relative slip between the I-beam and the concrete was measured by a steel ruler at 336 
the end of the test (Fig. 15).  337 
 338 
At the beginning of test, no obvious difference of the slip was observed among the composite beams. 339 
However, after the ultimate load, two different slip modes were observed between Group S and Group 340 
F. In Group S, the slip slowly increased during the test, and the ultimate slip was about 10 mm as 341 
shown in Fig. 15a and Fig. 15b. For the specimens in Group F, the slip gradually increased before the 342 
ultimate load was reached. Afterwards, the slip showed a significant increase after the rupture of the 343 
GFRP bars until the termination of the test as shown in Fig. 15c and Fig. 15d. It is clear that the 344 
development of slip between the I-beam and the concrete was effectively controlled by using tensile 345 
steel bars in comparison with GFRP bars. 346 
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4. Analysis and discussion 347 
4.1. Steel bars 348 
Based on the comparison between Group S and Group F, it is apparent that the proposed composite 349 
beams in Group S possess a very ductile response and high ultimate load. The tensile steel bars were 350 
significant for the proposed beams in different stages of test. First, due to the higher elastic modulus 351 
of the steel, the tensile steel bars offered a higher bending stiffness for the proposed composite beams 352 
in Stage (O-A). In Stage (A-B), due to the existence of the tensile steel bars, brittle failure could be 353 
avoided and the I-beam contributed to the further increase of the load. Therefore, the I-beam could be 354 
more efficiently used in Group S than that in Group F. Finally, the specimens failed at the ultimate 355 
load, while the tensile steel bars provided the sufficient ductility to the beam specimens until the 356 
rupture of the tensile steel bars. 357 
 358 
In general, the tensile steel bars could ensure the I-beams to be used more efficiently, while the brittle 359 
failure of the GFRP longitudinal bars limited the performance of the I-beam. For example, the 360 
maximum tensile strain of the bottom flange in Specimen S0.57M was 0.00799 and in Specimen 361 
S0.57B was 0.00794, which were about 80% of the ultimate tensile strain (0.01) in the flange. 362 
Nevertheless, the maximum tensile strain of the bottom flange was no more than 70% of the ultimate 363 
strain in Group F, which was only 0.0068 in Specimen F0.46M and 0.0069 in Specimen F0.46B. 364 
 365 
4.2. I-beam  366 
4.2.1. Flexural behaviour of the encased I-beam 367 
The I-beam used in the composite beams provided both shear strength and flexural strength to the 368 
composite beams. Through the analysis of the crack propagation, few shear cracks in the composite 369 
beams confirmed the improvement of shear resistance offered by the I-beam. In order to evaluate the 370 
flexural strength offered by the I-beam, the tensile force provided by the bottom flange and the tensile 371 
bars before the ultimate load were compared in Fig. 16. In fact, all the components of the I-beam (the 372 
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web, the top flange and the bottom flange) can provide flexural strength to the composite beams, for 373 
simplicity, only the tensile force offered by the bottom flanges were considered in this study.  374 
 375 
It is clear that the I-beams showed different performance before and after the yielding of the tensile 376 
steel bars as shown in Fig. 16. Before the yielding of the steel bars, due to the large elastic modulus of 377 
the steel, the steel bars provided higher tensile strength than the I-beam. The tensile force offered by 378 
the bottom flange was not more than 30% of the tensile force offered by the tensile steel bars in Stage 379 
(O-A). After the yielding of the steel bars, the stress of the steel bars did not increase and the I-beam 380 
started to carry more load. Therefore, the tensile force of the flange increased significantly in Stage 381 
(A-B). When the ultimate load was reached, the tensile force of the flange actually had exceeded the 382 
force of the steel bars as shown in Fig. 16a. The large tensile force offered by the bottom flange 383 
confirmed the I-beam could provide high flexural strength to the composite beam. 384 
 385 
In Group F, the tensile force provided by the bottom flange increased significantly until the ultimate 386 
load was reached. The reason for this is that the I-beam and GFRP bars have similar modulus of 387 
elasticity, so the increment of the stress for both components was similar. Due to the larger cross-388 
section of the flange, the tensile force of the bottom flanges was larger than that of GFRP bars. For 389 
example, the cross-section of the bottom flange was about 3 times of the cross-section of the GFRP 390 
bars in Specimen F0.46M, as a result, the tensile force of the flange was always about 3 times of that 391 
in the GFRP bars. 392 
 393 
Based on the comparison of the tensile force, it is believed that the I-beam could offer high flexural 394 
strength to the beam specimens. Especially when the I-beam and the tensile steel bars were used 395 
together, two parts could carry the load at different stages of the tests. However, when the I-beam and 396 
GFRP bars were used to reinforce the composite beams, the I-beam failed quickly due to the brittle 397 
failure of the GFRP bars. 398 
  399 
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4.2.2. Effect of different flanges of I-beam 400 
The top flanges of the I-beam were used for compression in the composite beams. Fig. 17a shows the 401 
compressive strain curves of the top flanges in the composite beams. At the start of the test, the stable 402 
increase of the compressive strain confirmed the top flanges could offer the compressive strength to 403 
the beam specimens. After the ultimate load, the I-beam failed and the compressive strain almost 404 
decreased to zero, which reflected that the top flange could not contribute to the flexural strength 405 
anymore.  406 
 407 
The bottom flanges showed different behaviour in comparison with the top flanges as shown in Fig. 408 
17b. Initially, the bottom flanges could provide a large tensile strength, which was confirmed by the 409 
almost linear increase of the tensile strain. Afterwards, the maximum tensile strain and the ultimate 410 
load of the corresponding specimen were achieved at the same time. Finally, all the tensile strain was 411 
stable at a large value after experiencing a slight drop at the maximum strain. The large tensile strain 412 
after the ultimate load showed that the I-beams could still provide a high flexural strength even 413 
though the beam specimens had failed. 414 
 415 
In addition, it is noticed that the maximum compressive strain was about 40%-70% of the ultimate 416 
compressive strain (0.0097) for the composite beams (Fig. 17a). However, the maximum tensile strain 417 
reached about 70%-80% of the ultimate tensile strain (0.01) for all the composite beams (Fig. 17b). 418 
Therefore, the bottom flanges can be more efficiently utilized when the I-beam is encased in the 419 
concrete to reinforce the beam specimen. 420 
 421 
4.2.3. Effect of locations of I-beam  422 
The I-beam was placed at two different locations in this study. Based on the test results, the ultimate 423 
load slightly decreased by 3% when the I-beam was transferred by 30 mm from the middle to the 424 
bottom of the cross-section in Group S, and the decrease was about 5% in Group F. Since the decrease 425 
(3% and 5%) was small, the effect of the location of the I-beam was negligible in this study. 426 
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However, for the beam members, the load-carrying capacity should be improved when the tensile 427 
materials are placed closer to the tension side. As an initial assessment of the flexural behaviour of 428 
such composite beams, the randomness of the experimental results cannot be excluded in this study. 429 
More analysis should be conducted to investigate the effect of locations of the encased I-beam. 430 
 431 
5. Conclusions 432 
This paper presents the test results of five beam specimens under four-point bending, including one 433 
traditional beam and four composite beams reinforced with GFRP I-beam. The proposed composite 434 
beam in this study was reinforced with the I-beam and longitudinal tensile steel bars. The parameters 435 
investigated include the location of the I-beam and the type of the tensile bars. Based on the 436 
experimental results and analysis, the following conclusions are drawn: 437 
 438 
1. The proposed composite beams possess a ductile response and higher ultimate load than the 439 
reference RC beam. The encased I-beam can provide high flexural strength and additional shear 440 
strength, and the tensile steel bars can contribute to high ductility and ensure the bending stiffness 441 
of the composite beams. 442 
2. The yield point of the composite beams is controlled by the tensile steel bars, and the ultimate 443 
load is governed by the I-beam. 444 
3. The bottom flanges of the I-beam are more efficiently utilized than the top flanges in the 445 
composite beams. Moreover, the bottom flanges can offer a high tensile strength even after the 446 
ultimate load, while the top flanges have almost negligible influence after the ultimate load is 447 
reached. 448 
4. Slip occurs between the concrete and the I-beam, which reduces the load-carrying capacity to 449 
some extent. Some roughening measures are suggested to improve the bond resistance at the 450 
interface, for example, sand coating or using additional mechanical connectors. 451 
5. The locations of the I-beam have little effect on the ultimate load of the beam specimens in this 452 
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study. As an initial assessment of such composite beams, the randomness of the experimental 453 
result should be taken into consideration, and more systematic studies are desirable to further 454 
evaluate the effect of different locations of the I-beam. 455 
 456 
This type of composite beam displays superior flexural response in this preliminary evaluation, 457 
including the flexural stiffness, ductility as well as ultimate load. Further studies will focus on the 458 
shear behaviour and more parameters will be taken into consideration. It is believed that the proposed 459 
composite beam is beneficial for the application of the pultruded profiles in the construction industry. 460 
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Configuration of Specimens 
a
The stirrups were spaced at 60 mm in the shear span and 80 mm in the pure bending region. 
Group Specimen 



















































































Steel 16 201 584 - 0.34 - 199.2 




 - 192.5 
GFRP 12 113 - 503
a




The material properties of the GFRP bars are based on the nominal cross-section area determined by 
the nominal diameter. 
b





Tensile and compressive properties of I-beam  
Properties Flange of I-beam Web of I-beam 
Tensile strength (MPa) 381.5 353 
Tensile strain (%) 1.0 1.1 
Elastic modulus (GPa) 38.5 32.88 
Compressive strength (MPa) 214.2 233.8 
Compressive strain (%) 0.97 0.69 



















Ultimate Slip of I-beam 
(mm) 
Reference RC 380 380 12.2 Tensile steel bars yielded 
Top concrete crushed 
127.3 - 
Group S S0.57M 313 413 36.6 Tensile steel bars ruptured 
Top concrete crushed 
138.4 10 
 S0.57B 314 400 32.1 Tensile steel bars ruptured 
Top concrete crushed 
134 9 
Group F F0.46M - 357 22.9 GFRP bars ruptured 119.6 75 



















P (kN) 380 313 314 357 339 
L (mm) 1740 1740 1740 1740 1740 
a (mm) 670 670 670 670 670 









Energy Ductility  







RC 36 0 36 20000 1800 6.1 
S0.57M 35.2 3.5 27.5 29000 1136 13.2 
S0.57B 34.6 3.8 28 22000 1395 8.4 
F0.46M 24.1 11.4 17.8 5100 3592 1.2 

















            (b) Cross-section B
[13] 
   (c) Proposed cross-section in this study 






























                                 (d)  Specimen F0.46M                    (e) Specimen F0.46B    



























































  (b) Testing setup 






















Fig. 4. Material testing of GFRP I-beam (mm) 
  
Tensile coupon (Flange)Compressive coupon (Flange)
Compressive coupon (Web) Tensile coupon (Web)
25  × 250
25  × 250
12.7  × 38.1



















      (b) Placing steel cages into formwork 





















































(b) LVDT in the midspan 






























(b) Strain gauges at the composite beam specimens 























































































































(e) Failure mode of Specimen F0.46B 
 
















































(b) Specimen S0.57B 
 
 
Fig. 11. Strain-midspan deflection curves versus load-midspan deflection curves 
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                        (d) Specimen F0.46M                                       (e) Specimen F0.46B 
 




































(c) Specimen F0.46M                                   (d) Specimen F0.46B 
 








































        (c) Specimen F0.46M                                           (d) Specimen F0.46B 
 


















































































































































       (b) Strain curves of the bottom flanges 
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